( Figure 1G , right). These data clearly show that a specific clathrin machinery is present on STxB-containing early/ Results recycling endosomal membranes.
A Specific Clathrin Machinery on Endosomal Functional Analysis of Clathrin Membranes of the Retrograde Route in the Retrograde Route The whole-mount technique developed by Stoorvogel
We first studied the effect of CHC RNAi treatment on and colleagues allows the in-depth inspection of cytothe retrograde transport of STxB by using immunofluoplasmic membranes by using an ultrastructural method rescence. In control conditions, Tf was efficiently inter- (Stoorvogel et al., 1996) . For the analysis of the retronalized and STxB was transported to the TGN (Figure grade route, horseradish peroxidase (HRP) was cova-2A). In CHC RNAi-treated cells, the uptake of Tf was lently linked to a variant of the Shiga toxin B-subunit strongly inhibited ( Figure 2B ), as expected. In these con-(STxB) that was specifically constructed for site-directed ditions, STxB appeared in tubular and vesicular strucchemical coupling (Haicheur et al., 2003) . STxB is a nontures, instead of being concentrated in perinuclear Golgi toxic protein used as a bona fide retrograde transport membranes ( Figure 2B ). The tubular structures conmarker (see Johannes, 2002 , for a review). Immunofluotained TfR ( Figure 2C ), suggesting that they were of rescence ( Figure 1A ) and immunoelectron microscopy early/recycling endosomal origin. The TfR cell surface ( Figures 1B-1C) showed that HRP-coupled STxB was signal was 8-fold stronger in these conditions than in targeted normally to the TGN and Golgi cisternae. This control conditions, indicating that a significant fraction confirms that the trafficking of STxB was not altered by of the receptor was blocked at the plasma membrane chemical crosslinking.
(data not shown Figure 2F ), a PtdIns(3)P binding protein ligands appeared dark due to the deposit of a polymerthat interacts with Rab5 on the EE (Simonsen et al., ization product. Some Tf/HRP was detected in early 1998). endosomal vacuoles while most was found in tubules Morphological analysis suggested that the transport and in 60 nm clathrin-coated buds ( Figure 1D, arrows) , of STxB to the TGN/Golgi, but not endocytosis into as described before (Stoorvogel et al., 1996) . In contrast, EE/RE, was inhibited in CHC RNAi-treated cells. We large amounts of STxB/HRP were found in clathrin-conused quantitative biochemical techniques to test this taining early endosomal vacuoles ( Figure 1E , arrowhypothesis. When measuring endocytosis with biotinylheads), endosomal tubules, and clathrin-coated buds ated ligands (i.e., Tf or STxB), we observed that in CHC of different size (arrows). Thus, although STxB and Tf RNAi-treated cells, Tf uptake was inhibited ( Figure 3A ) colocalize extensively when examined by immunofluoto a similar extent to cells in which the clathrin gene rescence microscopy (Mallard et al., 1998), both prowas genetically inactivated (Wettey et al., 2002) . In conteins appeared to be differentially enriched in subdotrast to that of Tf, the endocytosis of STxB was only mains of the early/recycling endosomal membrane system. slightly affected in these conditions ( Figure 3B ). The to produce an effect on retrograde transport, we used fibroblasts from mice in which the 1A subunit of AP1 itory effect in this assay, whereas even the highest concentration of the control antibody had no effect (Figure had been genetically inactivated (Meyer et al., 2000) . Again, no effect was detected on the retrograde trans-3D). STxB was not relocalized to the late endocytic pathway in the presence of X22, as indicated by the fact that port of STxB to the TGN, as observed by immunofluorescence ( Figure 4C ). Transport in 1A-positive control STxB was not degraded over time (data not shown). As a further control, we showed that the degradation of fibroblasts was identical (data not shown). In the permeabilized cell assay described above, concentrations of epidermal growth factor (EGF) was not affected by the X22 antibody ( Figure 3E ) in identical experimental condiup to 3 mg/ml of the anti-␥-adaptin antibody 100/3 had no effect on retrograde transport to the TGN (data not tions to those used in Figure 3D . These observations demonstrate that clathrin directly and specifically conshown). We concluded that AP1 could not be the only adaptor involved in clathrin-dependent transport intertrols retrograde transport at the EE/RE-TGN interface. mediate formation on EE/RE. Figure 6B ), a marker that is enriched in recycling endosomal membranes the TGN was inhibited ( Figure 5C ). The mutant phenotype was somewhat less robust, when compared to (Sheff et al., 1999), and GFP-Rab4 ( Figure 6C ). Thus, myc-epsinR membranes appear to be mostly of early wild-type transfected cells, and the peripheral STxBpositive structures contained the TfR but were not decendosomal origin. Strikingly, they were also strongly decorated with clathrin and the AP1 subunit ␥-adaptin orated by the epsinR mutant ( Figure 5C ). This suggests that the mutant inhibits transport through interaction(s) (Figures 6D-6E ), in agreement with a role for epsinR as a coat-recruiting protein. with cytosolic partners. By analogy, an epsin1 lipid binding mutant inhibits Tf uptake by mislocalizing adaptors
AP1 Is Not Required for the Retrograde Transport of STxB
The effect of myc-epsinR overexpression was not restricted to the retrograde transport of STxB. Indeed, from the membrane (Ford et al., 2002) . endogenous MPR300 and TGN46 were relocalized to these conditions was not addressed directly. In antibody uptake experiments on rat TGN38-expressing HeLa myc-epsinR-containing endosomal membranes (Figures 6F and 6G) . The labeling for endogenous TGN46 cells, antibodies to TGN38 also accumulated in mycepsinR membranes, whereas they were transported to was lost in the most strongly myc-epsinR-expressing cells, similar to the apparent disappearance of the prothe TGN in control conditions (data not shown).
Thus, proteins that depend on endosome-to-TGN tein in CHC and ␥-adaptin RNAi-treated cells (data not shown). Whether the protein is actually degraded in
transport for their intracellular localization, i.e., Shiga toxin, TGN38/46, and MPR300, accumulate in myc-epsinR shown). In agreement with these observations, we found that the endogenous EGF receptor was not relocalized membranes. Golgi markers that are not known to cycle, i.e., CTR433 and Rab6, were not relocalized. To explore to the myc-epsinR compartment (data not shown). When cells that had accumulated intracellular Tf were washed the specificity of the transport block, fluorophore-labeled Tf and EGF were internalized by myc-epsinRand then chased for 40 min, Tf labeling decreased in transfected and nontransfected cells, indicating that retransfected and nontransfected cells. The distribution of EGF was similar in both conditions, and the fraction cycling was not inhibited. In the conditions that were used to detect the Tf remaining in these cells (Figure of the EGF labeling that was found in or close to mycepsinR membranes was low ( Figure 6H ). Upon chase, 6I), it became apparent that in nontransfected cells, Tf was located in short tubular membranes distributed EGF labeling disappeared in all conditions (data not throughout the cell, characteristic of the RE in HeLa clathrin-independent endocytosis followed by clathrindependent retrograde sorting at the level of the early/ cells (Lin et al., 2002) . In transfected cells, Tf was still in the myc-epsinR membranes and appeared to recycle recycling endosome. Our data suggest that epsinR acts as a structural adaptor between lipids and clathrin on from there. These morphological data suggest that neither access to the late endocytic pathway nor access endosomal membranes, and that it is involved in the retrograde transport of Shiga toxin and the endogenous to the recycling pathway is inhibited when epsinR function is perturbed. These conclusions were supported by proteins TGN38/46 and MPR300 to the TGN. quantitative biochemical techniques (see below).
The 
